Purpose: Pathologic TNM staging is currently the best prognostic factor for non-small cell lung carcinoma (NSCLC). However, even in early-stage NSCLC, the recurrence rates after surgery range from 25% to 50%. The preoperative detection of circulating tumor cells (CTC) could be useful to tailor new therapeutic strategies in NSCLC. We assessed the presence of CTC in NSCLC patients undergoing surgery, using cytologic analyses, after their isolation by size of epithelial tumor cells (ISET method). The presence and the number of CTCs were considered and correlated with clinicopathologic parameters including patient follow-up.
Introduction
Lung cancer is the most prevalent neoplasm and the major cause of tumor-related mortality in the United States (1) . Despite recent advances in the management of resected lung cancers and more effective treatments of metastatic tumors, the cure rate of patients with lung cancer remains low (2) (3) (4) (5) (6) . Histologic classification of lung tumors distinguishes small and non-small cell lung carcinomas (NSCLC). Most NSCLCs display 3 histologic subtypes: adenocarcinoma, squamous cell carcinoma, and large cell carcinoma (7, 8) . The prognosis of these NSCLC subtypes is quite similar (2) (3) (4) (5) .
Although pTNM staging is currently the only validated prognostic factor used in NSCLC patient follow-up and treatment, 25% to 50% of patients with early-stage NSCLC show tumor recurrence, even following extensive tumor resection, indicating the urgent need for more sensitive prognostic and predictive markers (9) (10) (11) .
A sizable body of evidence indicates that metastases may develop from circulating tumor cells (CTC) that spread into blood vessels before, during, and/or after surgery (12) . Moreover, it has been reported that the presence of occult metastatic disease correlates with disease recurrence in stage I NSCLC patients (13) . Thus, sensitive and specific detection of CTC in the blood might be considered as a potentially relevant prognostic biomarker for patients with resectable NSCLC. Indeed, the main goal for preoperative detection of CTC was to identify NSCLC patients with a high risk of recurrence after surgery in order to perform the best follow-up and therapeutic strategy.
Despite the report of a large number of studies on CTC detection, methodologic aspects concerning sensitivity, specificity, and reproducibility have prevented a clear appraisal of the clinical impact (12) . While reverse transcriptase PCR (RT-PCR) and immune-mediated methods can be very sensitive, specificity remains a critical issue for these approaches, as no transcript or antigen specifically characterizing tumor cells from solid tumors is known at present (12) . In this setting, cytopathologic analysis of CTC, isolated according to their size (ISET, isolation by size of epithelial tumor cells), is considered a promising approach, as CTC enrichment is very sensitive and cell morphology is not damaged (12, 14) . This methodology allows "classical" cytopathologic criteria of malignancy, already used in exfoliative cytology, to be used to identify malignant tumor cells (14) . Currently, ISET technology has been reported previously to allow identification of CTC in patients with liver or breast cancers (15, 16) . However, the ISET method has never been used to detect CTC in patients with NSCLC.
The aim of this study was (i) to determine the diagnostic potential of the ISET method for preoperative detection of CTC in resectable NSCLC patients and (ii) to correlate the presence and number of CTCs with different clinicopathologic parameters, in particular pathologic stages, and patient outcome. For this purpose, cytomorphologic criteria have been established by a panel of 10 cytopathologists for classification of detected circulating nonhematologic cells (CNHC) into 3 groups: (i) circulating nonhematologic cells with malignant features (CNHC-MF), (ii) CNHC with uncertain malignant features (CNHC-UMF), and (iii) CNHC with benign features (CNHC-BF).
Materials and Methods

Patients and samples
Two hundred eight consecutive patients with NSCLC undergoing surgery from September 2006 to January 2009 at the Pasteur Hospital (Department of Thoracic Surgery) University of Nice Sophia Antipolis, Nice, France, were entered into this study. All patients gave their informed consent to participate in this study. Follow-up of these patients was from 12 to 41 months (mean ¼ 24 months). Preoperative diagnosis was made, in 50% of cases, on bronchial biopsies and/or bronchial aspirates, transbronchial or transparietal chest biopsies, or mediastinoscopy with biopsy. Biopsies were not performed for at least 15 days before surgery. Others patients underwent surgery without previous biopsy, after diagnosis based on cancer imaging and confirmation with frozen sections. The main clinicopathologic parameters of the 208 patients are summarized in Table 1 . Morphologic classification was assigned according to WHO criteria (8) . The tumors were staged according to the 7th edition of the international tumor-node-metastasis (TNM) system (17) . Twenty-nine patients with stage IIIA disease had neoadjuvant chemotherapy. Patients with stage IV disease had solitary brain metastases and were considered as operable for their lung carcinoma (18 
Translational Relevance
Besides pathologic tumor staging, a few prognostic biomarkers currently exist that correlate with the outcome of patients undergoing surgery for respectable non-small cell lung carcinoma (NSCLC). Therefore, improvement of relevant prognostic biomarkers, in particular for predicting recurrence, is urgently needed in lung clinical oncology. Local recurrence and metastatic dissemination of the primary tumor may arise from dissemination of circulating tumor cells (CTC) in the patient's blood prior to surgery for radical tumor resection. In this regard, early detection of CTC in patients having resectable NSCLC might be considered as a potentially relevant prognostic biomarker, which could also tailor new therapeutic strategies. We show in this study that the presence and number of CTCs detected according to their size (ISET, isolation by size of epithelial tumor cells) and then characterized by a panel of 10 cytopathologists, using a cytomorphologic analysis, are significantly correlated with shorter overall and disease-free survival in patients undergoing surgery for resectable NSCLC. We conclude that CTC detection using the ISET method in this population has a strong clinical impact.
Methods
Ten milliliters of peripheral blood was collected in buffered EDTA before anesthesia, maintained at 4 C, and processed within 1 hour. Surgical lung specimens were taken for pTNM staging and histologic evaluation. ISET was carried out as previously described (15) . The module of filtration has 10 wells, making it possible to load and filter 10 individual samples in parallel. Briefly, after blood filtration, the membrane was then gently washed with PBS, disassembled from the filtration module, and allowed to air-dry. The membrane was cut into 2 parts, containing respectively 6 spots for staining and 4 spots stored for further potential studies. The 6 spots were stained using a modified May-Gr€ unwald-Giemsa (MGG) staining method with the following steps: May-Gr€ unwald (undiluted, 5 minutes), May-Gr€ unwald (diluted 50%, 5 minutes), and Giemsa (diluted 10%, 40 minutes), followed by rinsing with PBS for 1 minute. Membranes were then air-dried and kept in the dark at room temperature. Stained spots were examined by light microscopy, using different steps: (i) observation at 100Â and 200Â original magnification to look for CNHC and to count these cells, and (ii) observation at 630Â and 1,000Â original magnification with oil immersion for detailed cytomorphologic analysis. The following criteria were taken into account to characterize the detected nonhematologic cells: irregularity and size of the nucleus, anisonucleosis, nuclear hyperchromatism, nucleocytoplasmic ratio, size and number of nucleoli, and presence of tridimentional sheets. CNHC-MFs were characterized by the presence of at least 3 of the following criteria: anisonucleosis (ratio >0.5), nuclei larger than 3 calibrated pore size of the membrane (8 mm; >24 mm), irregular nuclear borders, and presence of 3-dimensional sheets (Fig. 1A , a-c). CNHCs were defined as uncertain malignant features (CNHC-UMF) when less than 3 of these criteria were present (Fig. 1A, d -f). CNHCs with benign features (CNHC-BF) were characterized in the absence of these criteria (Fig. 1A, g-i) . A semiquantitative analysis was performed on each filter, and patients were categorized into different groups according to the number of detected CNHC: group 1, less that 10 CNHCs (Fig. 1B , a and d); group 2, between 10 and 100 CNHCs (Fig. 1B, b and e); and group 3, more than 100 CNHCs (Fig. 1B, c and f) . Moreover, CNHC was expressed as the median and as the interquartile difference, when considered as a continuous variable. The third quartile of the CNHC distribution function was used as the cutoff value. Moreover, this agrees with the cytomorphologic analysis because when more than 50 CNHCs were present, they were more easily diagnosed as malignant. Both semiquantitative stratification and the cutoff point of 50 or more CNHCs were used for statistical analyses. Eight hundred sixteen photographs (average mean 8 photographs per filter, range ¼ 1-29) were recorded, and images were digitized and collected by 2 cytopathologists (V.H. and P.H.). All images were then reviewed independently by the panel of cytopathologists (V.H., C.B., P.V., S.L., N.M., J.F.F., T.J.M., J.M. V., E.P., and P.H.) in a blind way without knowledge of the diagnosis and clinical status. Images were scored independently by the cytopathologists as CNHC-MF, CNHC-UMF, or CNHC-BF for each individual.
Statistical analysis
All calculations were performed with the statistical software R, a free language and environment for statistical (14) analysis and graphics (version 2.9.0). The presence or absence of CNHCs, analyzed as a binarized qualitative variable, was compared with the following clinicopathologic variables: age, gender, smoker status, neoadjuvant therapy, pTNM stages, tumor size, histologic grade, histologic subtype, percentage of tumor cells in primary tumors, and the TTF1 immunostaining status in both patients with NSCLC and healthy volunteers by the c 2 analysis or the Mann-Whitney test when applicable. We used k statistics, which reflect agreement between 2 measurements after removing chance agreement, as a measure of reliability (19) . A value close to 1 represents almost perfect agreement, whereas values close to or below zero represent poor agreement. The ANOVA was used to explore the association between the number of CNHCs, analyzed as a continuous variable, and the pTNM stage.
Patient outcome, including overall survival (OS) and disease-free survival (DFS) comparing the presence or absence of CNHC and according to the number of CNHCs, was assessed by the Kaplan-Meier analysis with a log-rank score for determining statistical significance. OS was defined as the interval between surgery and the date of death from any cause or the last follow-up. DFS was defined as the interval between the date of surgery and the date of relapse of the disease or the date of death from any cause. Patients who did not relapse or who died (for DFS) or remained alive (for OS) at the final follow-up were censored at that time. Multivariate Cox analyses were carried out to examine whether the presence of CNHC, according to the cutoff point of 50 or more CNHCs, is an independent prognostic factor for survival with adjustment for relevant clinicopathologic covariates. Multivariate analyses using Cox regression models included all potential prognostic factors for survival with a P < 0.2 value in univariate analysis. The variables included in the model for OS and DFS were pTNM stage, tumor size, and histology. A P 0.05 value was considered significant for all analyses.
Results
CNHCs were present preoperatively in 102 or 208 (49%) patients undergoing surgery for NSCLC (Supplementary Table 1 ). Interobserver agreement between the 2 initial cytopathologists was total (k ¼ 1) for detection of CNHC on filters. The mean number of CNHCs was 42 (median ¼ 0; range ¼ 0-500; first quartile: 0, third quartile: 50) in NSCLC patients. CNHCs were present in 88 of 179 (49%) and 14 of 29 (48%) in patients without and with neoadjuvant chemotherapy (P ¼ 0.86), respectively. CNHC-MFs were characterized morphologically in 76 of 208 (37%) of cases (Fig. 1A) [in 65/179 (36%) and in 11/29 (38%) in patients without and with neoadjuvant chemotherapy (P ¼ 0.96), respectively]. In all cases (100%), at least 5 of the 10 cytopathologists agreed with the final diagnosis (CNHC-MF, CNHC-UMF, or CNHC-BF) for each patient (k ¼ 1). CNHC-UMFs were diagnosed in 23 of 208 (11%) cases (Fig. 1A) , whereas CNHC-BFs were observed in 3 of 208 (1%) of cases (Fig. 1A) . The cytopathologic features of CNHC from patients with lung adenocarcinoma were not distinguishable from those of CNHCs derived from squamous cell carcinoma and large cell lung carcinoma (Fig. 1A) and the other histologic subtypes. CNHCs were not found in the blood of the 39 healthy volunteers.
No correlation was observed between the levels of CNHC (P ¼ 0.15; Table 2 ) or according to their presence by semiquantitative grouping (P ¼ 0.35; Supplementary Table 1 ) and the disease stage. Moreover, no correlation existed between the detection of CNHC and other clinicopathologic parameters (age, gender, tobacco exposure, tumor size, histologic subtype, histologic grade, percentage of epithelial tumor cells in the primary tumor, pleural invasion, presence of intratumoral emboli, and TTF1 staining; P > 0.05; data not shown). Finally, no correlation was found between the number of CNHCs and the disease stage (P ¼ 0.92; Supplementary Fig. 1 ). Moreover, no significant relationship was noted between the number of CNHCs and the other different clinicopathologic parameters cited previously (P > 0.05; data not shown).
The number of CNHCs (at the level !50 cells) was significantly associated with shorter OS and DFS (P ¼ 0.002, and P ¼ 0.001, respectively; Fig. 2 ). In addition, the level of 50 or more CNHCs was significantly associated with worse DFS for both early-stage I þ II-and later-stage III þ IV-resectable NSCLCs (P ¼ 0.05, and P < 0.0001, respectively; Fig. 3) . Finally, the presence of CNHCs, according to semiquantitative stratification, was associated with a shorter OS and DFS (Supplementary Fig. 2) .
Subsequently, multivariate survival analyses using the Cox proportional hazard model were performed to examine the importance of the level 50 or more CNHCs in patient outcome when other prognostic factors were included. Both a level of 50 or more CNHCs and the pTNM stage were significantly independent prognostic factors for OS (Table 3 ). In addition, a level of 50 or more CNHCs, pTNM stage, histology cell subtype, and tumor size were significantly independent prognostic factors for DFS (Table 3 ).
Discussion
This study shows the feasibility of the ISET method for preoperative isolation and identification of CTC from peripheral blood samples taken from patients with resectable NSCLC. We found that around half of these patients showed detected CNHC in their blood, mainly corresponding to CNHC-MF according to cytomorphologic criteria. Moreover, in these cases, interobserver variation was low for the diagnoses of these latter cells. It is noteworthy that detection of CNHCs by ISET had a strong clinical impact, as the presence and number of CNHCs correlated with a pejorative outcome (low OS and DFS). Other clinicopathologic parameters, including pTNM staging, did not correlate with the presence and number of CNHCs. These latter results show that preoperative CNHC detection in patients with resectable NSCLC is an independent new prognostic biomarker.
Different methods have been applied in the past to detect occult CTC in patients with NSCLC (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Indeed, most of the previous studies have used indirect methods based on RT-PCR or quantitative RT-PCR before, during, and after surgery (21, 23, 24, (27) (28) (29) or nested RT-PCR (25) or used BErEP4-coated beads (22) , magnetic bead enrichment, and laser scanning cytometric (26) and immunocytologic methods (CellSearch System; ref. 30) . Different biomarkers such as the telomerase activity (22) , the cytokeratin 19/ carcinoembryonic antigen and c-met mRNAs (25, 27, 31) , epidermal growth factor receptor (21, 32) , and other different molecules of interest (23) have been used in these studies to specifically identify CTC. However, contrasting results have been obtained in all these previous studies because of technical characteristics such as marker-and method-related specificity and sensitivity and limitations such as the high cost and labor needed, which are not adapted for use in large cohorts of patients
The ISET method has been previously used in patients with liver and breast cancers (15, 16) . We show here that this method can be applied to NSCLC patients. Interestingly, 49% of these patients showed preoperative CNHC in their blood. Among these CNHCs, diagnosis of CNHC-MF was made by morphologic assessment in the majority of cases. The malignant characteristics of the detected CNHCs were assessed only according to cytopathologic criteria, which are classically used by cytopathologists in exfoliative and fine-needle aspiration cytopathology.
Interestingly, a group of CNHCs in this series has been classified as having uncertain malignant features (CNHC-UMF) by the cytopathologists. A few CNHCs were also classified as benign cells only by a couple of cytopathologists, as none of malignant criteria were morphologically present. However, certain cytopathologists of the panel hypothesized that CNHCs detected in peripheral blood cannot be benign cells in NSCLC patients. Interobserver variation was low for the different subgroups of CNHCs. However, given the new domain of CTC, we cannot rule out the possibility that some specific morphologic criteria could be required in the future to precisely identify and classify CNHCs. In this regard, it is clear that markers specific for CTC should be developed in the future and combined with cytomorphologic analysis. In particular, the different CNHC groups need to be better characterized phenotypically by immunocytochemical and/or by molecular biological approaches in further studies. In this regard, when using a morphologic method, we cannot rule out the possibility that a couple of circulating endothelial cells can be isolated or associated with CTC (33) . Thus, endothelial cells could also be further identified on filters by immunocytochemistry, using different markers (34) . Finally, in our study, cytomorphologic criteria did not correlate with the histologic subtype of the primary lung tumor, underlying that no features of CNHCs were representative of the histologic subtype.
No correlation was found between CNHC, as quantitative or qualitative variables, and pTNM staging. In particular, our study on the correlation between the pTNM staging and the presence of CNHC showed the presence of CNHC in a group of patients with early-stage NSCLC before surgery. It will be of great interest in the future to follow-up this group of patients and compare them with early-stage carcinoma patients without preoperative detection of CNHC by looking for relapse and/or metastasis onset. Our study shows insight into this behavior, as the level of 50 or more CNHCs was significantly associated with a higher risk of recurrence in early-stage NSCLC. Tumor cell behavior depends on interactions between nuclear genetic changes in the malignant cells and a stroma that is favorable for growth, invasion, and metastasis, in association with angiogenesis. Thus, an increase in different stromal biomarkers has been indicative of poor outcome in patients with NSCLC (35, 36) . In this regard, we thought that it would be of interest to see whether the importance of the stroma, which is considerably variable from one NSCLC to another, even at the same TNM staging, was linked to the presence of CNHC. However, we found that the percentage of tumor cells in the primary tumor did not correlate with the number of CNHCs, indicating that a substantial stroma reaction associated with carcinoma could not influence the effraction of vessels by tumor cells and then their blood dissemination. Using univariate analysis, no significant difference was noted between CNHC, as quantitative and qualitative variables, and the pathologic stage, the size of the primary tumor, the histologic subtype, and the percentage of tumor cells in the primary tumor. This finding supports the idea that the presence of CNHC is independent of the well-established prognostic factors.
We then evaluated the prognostic significance of CNHC when preoperatively detected by ISET in patients with resectable NSCLC. It is noteworthy that a level of 50 or more CNHCs detected by ISET was associated with significantly decreased OS and DFS, independently of disease staging, as determined by univariate and multivariate survival analyses. Similar results were observed for univariate survival analyses when considering the presence of detected CNHCs, according to semiquantitative group stratification.
Currently, in most of the cases, patients with early-stage NSCLC with surgically resected tumors do not have adjuvant therapy. However, among these latter patients, a group will undergo relapse and/or develop metastases. In this regard, it is of great interest to look for a biomarker that is predictive of such disease evolution. Thus, the preoperative detection of CTC by ISET in this group can allow selection of a population with a higher risk of relapse and poorer prognosis. Although the cytomorphologic approach alone cannot assess the malignant potential of CNHC, we strongly believe that it ensures a far higher specificity than other approaches based on epithelial-related antigens or transcripts and allows the study of cells with tumor like features by complementary approaches. Thus, by combining the reference "old" cytomorphologic approach with newly developed molecular markers derived from proteomics, molecular profiling, and genetic analyses, a promising path toward better classification and treatment of patients according to their prognosis should be obtained.
In conclusion, the presence of CTCs identified by ISET in patients undergoing surgery for resectable NSCLC is associated with poor prognosis, independently of disease staging. This finding identifies CTCs detected by ISET as a very strong, independent prognostic indicator in patients with resectable NSCLC. Moreover, it might identify these CTCs as a pertinent molecular target for the development of new antitumor agents.
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